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Abstract 
The high cycle fatigue (HCF) is a major element for a great design of automotive parts.  A wide part of the steel sheets for the
automotive industry are stamped, sometimes deeply. During this operation, the steel is plastically strained in different directions,
so that a good prediction of the fatigue behaviour requires the determination of the fatigue properties of the pre-strained material. 
Nowadays, the evolution of HCF properties is often neglected.  There are two major reasons for this lack. On the one hand, a 
good finite element simulation of the forming operation to predict pre-strain field is still a difficult task. On the other hand the 
time dedicated to traditional fatigue test campaigns (e.g. staircase method) to quantitatively identify this influence is prohibitive. 
To determine faster this influence, it is proposed to use self heating measurements under cyclic loadings. To illustrate this 
approach, different pre-strain paths are studied: shear and tension. Finally, a model taking into account the influence of pre-strain 
on high cycle fatigue properties is proposed and identified from self-heating measurements. The validation of the proposed 
approach is obtained by predicting S/N curves for pre-strain to 20% of a dual phase steel.  
Keywords: steel sheets, fatigue life, probabilistic approach, two-scale model, plastic pre-strain; 
1. Introduction 
The parts of the structure and the chassis frame of a car are designed by taking into account the Low Cycle or 
High Cycle Fatigue mission. Concerning the high cycle fatigue regime, parts obtained from steel sheets are 
subjected to primary forming operations (stamping, bending …). During these drawing operations, the steel is 
sometimes severely strained according to different directions or strain paths inducing thickness and cumulated 
plastic strain variations [1]. In other words the material has changed and its current fatigue properties are no more 
the same as initial ones. For example, traditional fatigue campaigns have been applied to the Dual Phase steel. The 
S-N curves (Stress-Number of cycles) show that the fatigue properties of the pre-strained material to 20% are higher 
(Fig. 1(b)) than without (Fig. 1(a)) at a load ratio R=-1 (i.e., without mean stress). The initial endurance limit of 250 
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MPa becomes 320 MPa after the applied pre-strain. A reliable fatigue life prediction requires thus a good 
determination of these new fatigue properties caused by the pre-strain.  
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Fig. 1. Results of alternate tension-compression fatigue tests for the studied dual phase steel: (a) without pre-strain, (b) pre-strained to 20%. 
Different authors have studied the influence of pre-strain on fatigue properties [2-4]. Nevertheless, the used 
method (i.e., classical fatigue characterization) is time consuming (one S-N curve requires one month at a loading 
frequency of 30 Hz) and requires a large number of specimens (25 specimens for one S-N curve). The 
characterization of the influence of a uniaxial plastic pre-strain would require one S-N curve per plastic strain rate. 
The number of specimens and the number of hours of test become prohibitive. In this paper, it is proposed to use 
fast fatigue characterization from self-heating measurements.  
For several years, different research teams are working on self-heating measurements [5-9]. This method is based 
on the evolution of the temperature of a specimen under cyclic loadings. Successive series of loading with a given 
number of cycles at a given load ratio are applied to the specimen for increasing stress levels. Figure 2(a) shows the 
temperature elevation for a particular loading level. Macroscopically, the stress level remains lower than the yield 
stress. At a microscopic scale, microplasticity appears and causes the temperature change. At each level of loading, 
the steady state temperature elevation can be pointed out and a self heating curve, relating the temperature elevation 
to the stress level, can be plotted (Fig. 2(b)). To obtain this type of curve, only 90 minutes are required. With a 
deterministic approach, the mean endurance limit of the material can be determined considering the intersection 
between the abscissa axis and the asymptote of the self-heating curve [5-6, 10].
More recently, a two-scale probabilistic model has been proposed to link self-heating measurements to high cycle 
fatigue. These tests permit to identify, not only, the mean fatigue limit, but also the scatter of classical fatigue results 
[9]. Finally, by using the two-scale probabilistic model and an energetic criterion based on a critical dissipated 
energy, it is possible to predict the S/N curves for a given probability of failure [10]. It is proposed, in this paper, to 
extend the previous approach for the analysis of plastic pre-strains on HCF properties.  
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Fig. 2. Self heating measurements under cyclic loadings (fr = 30Hz) for a dual-phase steel: (a) temperature evolution during 6000 cyclic loadings 
for the same stress amplitude, (b) change of the steady-state mean temperature with the load amplitude (self-heating curve). 
The paper is divided into three main sections. In the first, the different pre-strain paths are introduced. In the 
second section, the proposed model taking into account the influence of pre-strains on high cycle fatigue properties 
is presented. It is based on the assumption that microplasticity occurs on sites modelled by a Poisson Point Process 
(PPP). The third section deals with an identification method and the validation of the proposed approach. The 
identification procedure is performed from self-heating measurements. 
Nomenclature 
N number of cycles 
Ȉ0 stress amplitude [MPa] 
fr  load frequency [s-1]
Ȉm mean stress [MPa] 
Eps plastic pre-strain [%] 
ș temperature elevation  [K]  
T  steady-state temperature elevation  [K]  
m Weibull’s modulus 
S0V01/m Weibull’s parameter [MPa.mm-3/m]
E parameter relating the influence of the plastic pre-strain to the fatigue properties 
' dissipation per cycle [J.m-3]
f6  mean fatigue limit [MPa] 
Pf probability of failure 
A parameter to define the S-N curves [MPa²] 
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2. Influence of a plastic pre-strain on self-heating measurements 
2.1. Presentation of the studied material 
The studied material is a ferrite-martensite dual phase steel (approximately 15wt% of martensite) in its hot rolled 
state. Its chemical composition is given in the table 1. The mechanical properties obtained from monotonic tensile 
tests on samples (Fig. 3) in the rolling direction are given in table 2. The studied material is characterized by an 
interesting combination of high strength and good ductility. That is why the dual-phase steels are used in the 
automotive industry, where this type of properties is required by metal forming process. 
Table. 1. Chemical composition (10-2% in mass) of the hot rolled DP600 steel 
C Mn Si Cr Ti S Fe
9 100 25 20 1 <0.5 rest 
Table. 2. Mechanical properties of the hot rolled DP600 steel 
Re (MPa) Rm (MPa) A%
>300 >600 25
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Fig. 3. Behaviour law of the DP600 steel (monotonic tensile test) 
2.2. Presentation of pre-strain path conditions 
As shown in the introduction, a plastic pre-strain has an influence on the fatigue properties of the steels. Two path 
conditions are studied for the studied dual-phase steel: tension, shear. 
For tension, we can consider specimens with a constant section whose dimensions are given on the figure 4(a). 
Specimens are strained on a tensile machine with a different level of plastic strain per specimen (here 10% and 
15%). To ensure the level of plastic strain that has been reached, digital image correlation is used. 
Shear tests were carried out on a rectangular specimen (Fig. 4(b)) [11]. The level of reached strain is controlled 
by checking the strain of a grid placed in the gauge area. Specimens are cut out by electro-erosion, in order to obtain 
a uniform level of pre-strain. The machined specimen direction corresponds to the principal stress directions after 
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pre-strain.
Fig. 4. (a) Dimensions of the specimen used for tension pre-strain; (b) Principle for pre-strain in shearing mode and removing of the specimens 
for self-heating measurements. 
2.3. Self-heating measurements on pre-strained specimens 
Self-heating measurements are performed on all the pre-strained specimens with a load ratio R=-1. The self-
heating curves obtained for the different pre-strain paths are shown on Fig. 5. In each case the increase of 
temperature is delayed by the applied pre-strain. This modification corresponds to an increase of HCF properties.  
Nevertheless, it’s necessary to develop a model to link these results to the influence of a plastic pre-strain on HCF 
properties. This model is presented in the following section.  
0
5
10
15
0 50 100 150 200 250 300 350
E
ps
 = 0%
E
ps
 = 10%
E
ps
 = 15%
D
is
si
pa
tio
n 
pe
r c
yc
le
 (1
05
 J.
m
-3
)
Stress amplitude,  6
0
(MPa)
material: dual phase steel DP600
6
m
= 0, fr = 30Hz
||
ps
|| = 0%
||
ps
|| = 10%
||
ps
|| = 15%
0
1
2
3
4
0 50 100 150 200 250 300 350 400
B
D
F
H
St
ea
dy
 s
ta
te
 te
m
pe
ra
tu
re
 e
le
va
tio
n,
 T
 (K
)
Stress amplitude,  6
0
(MPa)
material: dual phase steel DP600
6
m
= 0, fr = 10Hz
||E
ps
|| = 20%
||E
ps
|| = 15%
||E
ps
|| = 10%
||E
ps
|| = 0%
Fig. 5. (a) Self heating curves of a DP600 pre-strained in tension mode; (b) Self heating curves of a DP600  pre-strained in shearing mode 
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3. A two scale probabilistic model 
One of the main goals of the proposed probabilistic two-scale model is to describe, in an unified framework, on 
the one hand, the self-heating of metallic materials under cyclic loadings at low amplitude for different pre-strains 
and, on the other hand, the HCF behaviour. It is assumed that HCF damage occurs at the microscopic scale and is 
caused by microplasticity.   
3.1. Activation process of microplasticity 
To describe the microplastic activity, it is considered a set of elastoplastic sites of volume V0, randomly 
distributed within an elastic matrix. It is then assumed that the microscopic yield stress of sites is a random variable. 
The distribution of active sites is modelled by a Point Poisson Process (P.P.P.) [12-13]. The mean number of active 
sites in a ȍ domain with a volume V, is then defined by 
  VN u O: ,                                                                                            (1) 
where O is the intensity of the process. To describe the progressive appearance of microplasticity activation with the 
applied stress, it is proposed that the intensity follows a power law of the stress amplitude 60,
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where m, E,  are three material parameters and  m00 SV pspsps EE3
2E :  is the von Mises equivalent plastic 
pre-strain. A linear dependence of pre-strains is introduced to account for the observation of the previous part. To 
describe the temperature variation induced by the microplastic activity, the elastoplastic behaviour must be defined. 
3.2. Elastoplastic behavior of the sites 
The relationship between the stress tensor in a site where microplasticity occurs, V  and the macroscopic stress 
tensor, 6   is given by the localisation law [14-15] 
  pe12 HEP6V  ,                                                                                          (3) 
where pH  is the corresponding plastic strain tensor and P ҏthe shear modulus.  
 Q
Q
 - 1 15
5 - 4 2  ȕe  is given by Eshelby’s 
analysis of a spherical inclusion in an elastic matrix, where Q denotes the corresponding Poisson’s ratio.  
Microplasticity is described by a yield surface 
  0ıXSJf y2 d ,                                                                                        (4)
where J2 is the second stress invariant, i.e.,      XSXS2
3XSJ 2   : ,   Iıtrace3
1ıS   is the deviatoric 
stress tensor, I  the unit second order tensor.  A normality rule is assumed and linear kinematic hardening is 
considered 
S
fİ p
w
w F ,                                                                                         (5) 
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 00XandİC
3
2X pp    H ,                                                                                       (6) 
where F  is the multiplier plastic and C is the proportionality parameter of the considered hardening [16].  
The magnitude of the intrinsic dissipated energy  in a site over a loading cycle is calculated for a 
given value of the yield stress ıy
)ıȈ y0 ,(G
y0
y0
y0 ıȈh
ı4V
 )ıȈ  ,(G ,                                                                                       (7) 
where  are Macauley’s brackets (i.e., positive part of ‘.’), ²¢  .  e1 3  C  h EP .
3.3. Description of the self-heating test 
With the proposed framework, the calculation of the global cyclic dissipative energy can be performed by 
integration over the whole population of active sites 
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with į a parameter that depends on the material. To evaluate the corresponding self-heating, this dissipation is 
introduced in the following heat conduction equation (“0D” approach) 
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where Weq is a characteristic time depending on the heat transfer boundary conditions [10], ȡ the mass density, C the 
specific heat and fr the loading frequency. The mean stabilized temperature is then given by  
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3.4. Description of  S/N curves 
In order to describe the fatigue limits, the weakest link theory is used. It leads to consider that rupture will 
append as soon as one site will become active. With the proposed framework, the probability to find k active sites 
into the volume V follows a Poisson distribution 
     V 
k
VVP
k
k O
O  exp
!
                                                                                        (11) 
The probability of failure which corresponds to the probability to obtain at least one active site into the volume, is 
then given by  
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The fatigue limits are often characterized by the mean fatigue limit f6  and the standard deviation given by, 
respectively
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where is the gamma function. Equations (13) and (14) account for volume effects 
associated to the Weibull model [17-18], and the influence of a pre-strain on fatigue limits. 
    dttexptpī
0
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By using a criterion based on the dissipative energy, the description of the fatigue life of the material is available. 
The hypothesis lies on the fact that once the dissipative energy has reached a limit, it leads to the failure of the 
specimen. The number of cycles to failure (N) is then related to the stress amplitude by 
   F0F PP
AN
ff 666
           (15) 
where A is a material parameter determined and  the fatigue limit for a given failure probability defined by  FPf6
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In the further part, the identification procedure is shown. The validation of the model is then illustrated by 
predicting S/N curves for different pre-strains of a dual-phase steel. 
4. Identification Procedure and Validations 
4.1. Method of identification  
The identification of the 4 parameters of the model previously presented, that is to say , m, E and A, is 
based on the use of self-heating measurements. These tests are made for different load ratios and are led to the 
rupture of the specimens for the last level of stress [9]. Figures 6(a) and 6(b) illustrate the identification of the 
parameters in the case of the DP600 steel. The identified values are given in the table 1.  
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Table 3. Parameters for the dual-phase steel. 
m E 0
m1
0 SV
/ A
12.4 1.33 382 MPa.mm3/12.4 1600 GPa² 
4.2. Validation
Figure 7(a) shows the good reliability of the model predictions with the experimental results of classical fatigue 
campaigns for the studied dual-phase steel without pre-strain. The use of self-heating measurements and the two 
scale probabilistic model allows the characterization of the fatigue properties of this material.  
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Fig. 7. Comparison between model predictions and experimental results of classical fatigue campaigns for the studied dual-phase: (a) without pre-
strain, (b) with a pre-straining of 20%. 
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In order to validate the prediction of the influence of pre-strains on HCF properties, traditional fatigue campaign 
is performed with pre-strained specimens at a level of 20%. The figure 7(b) shows that the model predictions are in 
good agreement with experimental results. 
5. Conclusions 
Traditional fatigue test campaigns are time consuming and require a large number of specimens for the 
determination of the influence of parameters as a pre-strain on the fatigue properties. Self-heating measurements 
represent a good alternative to take into account these influences. Only 90 minutes are necessary to obtain a self-
heating curve which authorizes the multiplication of the number of pre-strain paths.  
A two scale probabilistic model has been presented to link the self-heating properties to HCF properties. This 
approach is based on a Poisson point distribution of the sites where microplasticity occurs. With the proposed choice 
of the intensity of the Poisson point process, a good description of the influence of a pre-strain on HCF properties 
and self-heating measurements is obtained. 
All the parameters of the model have been identified by using self-heating measurements. Finally traditional 
fatigue test campaign has been performed to validate the proposed approach. 
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